The phylogeny of the genus Echinops and the Xeranthemum complex were the subject of a previous molecular study of the tribe Cardueae. An electronic microscope survey of pollen morphology and ultrastructure is presented for all the genera belonging to these groups, allowing four pollen types to be identified. The exine pattern indicates that there are two pollen types in the genus Echinops (including Acantholepis ), although no differences have been found between sections in Echinops . First, the annual species of Echinops and Acantholepis orientalis show a pollen type that differs from that of perennial species of the former genus and, second, the genera Chardinia and Xeranthemum exhibit a pollen type distinct from that Amphoricarpos and Siebera . The internal structure of the pollen wall is the same for all the genera. Only slight differences were observed in the tectum, but in all cases these were of the anthemoid type. Statistically significant correlations between pollen size and the life cycle were found.
INTRODUCTION
The genus Echinops appears to be closely related to the genera of the Xeranthemum complex based on our preliminary phylogenetic study of the Cardueae (Garcia-Jacas et al ., 2002) . For this reason we undertook a palynological survey of the whole group.
The genus Echinops L. belongs to the tribe Cardueae Cass. and has traditionally been considered the basis for the subtribe Echinopsidinae O. Hoffm., one of the four subtribes into which the tribe has been divided. The genus Acantholepis Less. is classified in the same tribe (Bentham, 1873; Hoffmann, 1894; Dittrich, 1977; Bremer, 1994; Susanna & Garcia-Jacas, 2007) .
The genus Echinops occurs in semi-humid zones in tropical Africa, semi-arid areas in North Africa, the Mediterranean basin, and temperate regions in Eurasia up to Central Asia (Jäger, 1987) . Echinops comprises between 125 and 130 species, which are classified in eight sections: Echinops , Chamaechinops Bunge, Nanechinops Bunge, Oligolepis Bunge, Pleiacme Bornm., Ritro Endl., Ritrodes Bunge and Terma Endl. (Shishkin & Bobrov, 1997) . Nanechinops differs from the others based on the fact that it includes three annual species, while all the remaining species are biennial or perennial. Rechinger (1979) postulated a distinct sectional organization, and divided Echinops into five sections: Oligolepis Bunge, Ritropsis Greuter & Rech., Echinops s.l ., Hololeuce Rech. and Nanechinops Bunge. Fries (1923) (Mattfeld, 1924) . Echinops hispidus and E. giganteus occur in eastern tropical Africa whereas the distribution of E. mildbraedii is restricted to Cameroun, Nigeria and the Central African Republic (Jeffrey, 1968) . We were unable to follow any one sectional classification for two reasons: (1) the sections as proposed by various authors do not agree; and (2) some African sections are not represented in Eurasia (and vice versa) and each author studied only one geographical area.
Acantholepis is a monotypic annual genus which includes A. orientalis Less., a species that occurs in the Near East and in West Asia as far as Pakistan and Afghanistan (Tom t ovic, 1997). This species was previously described within Echinops as E. acantholepis Jaub. & Spach. Most authors (Dittrich, 1977 (Dittrich, , 1996 Rechinger, 1979; Petit, 1988 Petit, , 1997 Bremer, 1994; Petit et al. , 1996; Shishkin & Bobrov, 1997) consider Acantholepis to be an independent genus that is closely related to Echinops . Kruse & Meusel (1972) (Garnatje et al ., 2005) .
Amphoricarpos Vis. is a perennial genus that comprises five species that are distributed in south-east Europe, Turkey and the Caucasus. According to our molecular data (unpubl. data) this genus is the most primitive in the group . Amphoricarpos autariatus Blecic & E. Mayer occurs in the Balkan Peninsula (Siljak-Yakovlev, 1986a), whereas A. exsul Schwarz is an endemic species of the eastern Mediterranean region (Grierson, 1975) . Siebera J. Gay is an annual genus. According to Bremer (1994) , it comprises two species, which are treated as just one, S. pungens J. Gay, in the Flora of the USSR (Shishkin & Bobrov, 1997) . This species grows in western and central Asia. Morphologically, it is very close to the genus Xeranthemum and molecular phylogeny shows that the two taxa are strongly related (Susanna et al. , 2006) .
The genus Xeranthemum L. belongs to the tribe Cardueae, subtribe Carduinae (Susanna & GarciaJacas, 2006 ) and comprises five annual species (Bremer, 1994) distributed throughout southern Europe, south-west Asia and North Africa, and that are frequently cultivated as ornamental flowers. Xeranthemum inapertum Mill. grows on the steppes and the low mountains of southern Europe and Asia Minor and frequently shows a ruderal behaviour. Xeranthemum annuum L. occurs in Central Europe, the western Mediterranean and Asia Minor. It grows on the steppes, sands, dry slopes, among shrubs and in lowlying mountains, sometimes as a ruderal species (Shishkin & Bobrov, 1997) . Morphological and cytogenetic characters (Garnatje et al ., 2004) show that Xeranthemum is closely related to Siebera .
Chardinia Desf. is a monotypic annual genus with the single species, Ch. orientalis Kuntze, spread in some low-and medium-altitude mountains of central and western Asia, where it occupies fields and shows a ruderal behaviour.
Several palynological studies have tested the usefulness of pollen morphology to support Compositae taxonomy (Dimon, 1971; Carlquist, 1976; Wagenitz, 1976; Skvarla et al ., 1977; Perveen, 1999; Torrell et al ., 1999; Martín & Garcia-Jacas, 2000; Martín, Torrell & Vallès, 2001; Vilatersana et al ., 2001; Martín et al ., 2003) .
There are two basic patterns of exine ultrastructure in the Compositae, the caveate helianthoid pattern and the non-caveate anthemoid pattern. The pollen type of the Cardueae is predominantly anthemoid, tricolporate, echinate and covered with micropores (Bolick, 1978) .
The objectives of this work were to study the pollen of the Acantholepis , Echinops and Xeranthemum groups. More specifically, our aims were: (1) to examine, first, the systematic validity of the exine ornamentation and other external characters, and, second, the ultrastructural features in this group of species; and (2) to test the relationships between pollen size and systematic and/or cytogenetic parameters. These aims were particularly addressed to determine the relationships (if any) between the pollen of the EchinopsAcantholepis group and that of the Xeranthemum group, and the palynological differences between the sections of Echinops .
MATERIAL AND METHODS
P LANT MATERIAL Table 1 shows the origin of all species studied. A study using scanning electron microscopy (SEM) was performed on 12 species of Echinops, two species of Amphoricarpos and one species from each of the following genera: Acantholepis, Chardinia, Siebera and Xeranthemum. The 12 Echinops species represent as many sections as possible following the three classifications stated in the Introduction, some of them with more than one species. Section Pleiacme (Shishkin & Bobrov, 1997) is not represented; it is a monospecific section including Echinops tournefortii Ldb. ex Trautv., which Rechinger (1979) included in sect. Echinops. Section Hololeuce Rechinger, 1979, also not represented, contains only E. hololeucus Rech. f., an Iranian endemic. In addition, two species of the African sections Cenchrolepis and Phaeochaete (Fries (1923) have also been considered to enlarge the geographical range of the research. Transmission electron microscopy (TEM) studies were also carried out on one perennial species of Echinops (E. galaticus) and one species from all the other genera, except Chardinia because of insufficient material. Finally, pollen from all the species was measured under an optical microscope.
METHODS
Pollen was obtained from dried herbarium specimens. The anthers were dehydrated with a drop of 96% ethanol and dissected with a lancet. A portion of the free pollen grains was acetolysed following the micromethod described by Avetissian (1950) . For SEM, the acetolysed pollen was gold-coated with diode sputtering and observed under a Hitachi 52300 at 15 kV. For TEM, non-acetolysed pollen was fixed in 2% w/v paraformaldehyde/2.5% v/v glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. Post-fixation was then performed in OsO 4 (1% w/v) + K 3 Fe (CN) 6 (0.8% w/v) in the same buffer. Samples were dehydrated in acetone, embedded in Spurr's resin and cut to 60 nm in an Ultracut-E microtome. Slices were observed under a Hitachi H-800 MT. All microscopy procedures were performed at the Scientific and Technical Services at the University of Barcelona. For biometrical measures, pollen samples were acetolysed following the method of Avetissian, mounted on glycerogelatine and sealed with nail polish. Measurements were made using a Visopan apparatus (Reichert, Austria). For each specimen, 15 fully developed pollen grains were measured. Following Erdtman (1969) and Reitsma (1970) , the parameters considered were: polar diameter (P), equatorial diameter (E) and sphericity (P/E). For each parameter, the arithmetic mean and standard deviation are given. In some cases a mean was not obtained because of lack of material.
STATISTICAL ANALYSIS
Pearson's correlations between pollen size (P and E axes) and DNA content and chromosome number were calculated. A one-way ANOVA was performed to evaluate whether the differences between annual and perennial species were significant. Statgraphics Plus 5.0 (Statistical Graphics Corp.) was used for the statistical analysis.
RESULTS AND DISCUSSION
We distinguish four types of pollen on the basis of morphology and ornamentation (Table 2) .
PERENNIAL ECHINOPS TYPE This is a trizonocolpate isopolar pollen with radial symmetry, with a P/E between 1.06 and 1.46 (prolatespheroidal to prolate) with most being subprolate; microechinate/echinate-verrucate, with supratectal processes 1.5-3 μm in diameter in the same individual, finishing in a rounded point. The intercolpal zone is raised, producing a pronounced bridge (Fig. 1A, B) . Pollen grains are large or very large ( Table 2 ). The intercolpal zone of perennial Echinops pollen (in our case, E. galaticus) showed a discontinuous tectum, with 3-5 strata of columellae which tended to show progressive fragmentation, and a columellar infratectum with branched columellae that was never totally developed ( Fig. 2A) . Infratectal columellae show thicknesses of 0.5-1.3 μm and are separated by spaces. The external ornamentation in the shape of spinules was observed only for the first strate of the tectum, as expected. The structure of this pollen is similar to that of Carduncellus, but individual grains are larger: Carduncellus has only three tectal strata (Vilatersana et al., 2001) . The intercolpal bridge results in an increase in the number of strata of tectal columellae and an external projection of the whole exine. On a cut carried out in the above-mentioned bridge, the tectum measures about 8-8.5 μm, the infratectum 6.5 μm and the whole exine 15.5-16 μm. Tomtovic (1997) considers that all Echinops species have a similar pollen type except E. strigosus L., to which he attributes some grains 40 μm in diameter (relatively small for the genus). The structure this author named 'ectosexine' (i.e. the tectum) is simple and columellate. Stix (1971) , Blackmore (1990) and Tomtovic (1997) agree in general that the pollen of Echinops is 'thickest walled' and with very different structure from that in the other perennial Asteraceae. Blackmore (1990) reported that the pollen grains of Echinops sphaerocephala are tricolporate with short, scattered spines and an elaborate ectexine that comprises a microperforate tectum overlying an outer zone of slender, anastomosing columellae and an inner zone of large, distally digitate columellae. We agree with this description when referring to perennial species. 
The sections of perennial species cannot be separated on the basis of pollen type, given that they all show the same pattern of ornamentation and external and internal characteristics. We did not have enough data to perform an adequate statistical analysis of pollen dimensions. Nevertheless, the pollen of section Echinops generally are of smaller diameter than some pollen from other sections.
ANNUAL ECHINOPS TYPE (INCLUDES ACANTHOLEPIS)
The second pollen type is common to the annual and biennial species of Echinops and to the genus Acantholepis.
Echinops strigosus presents a trizonocolpate, isopolar pollen, with radial symmetry, and microechinate ornamentation with supratectal pointed elements from 0.10 to 0.15 μm, which are regularly distributed; spheroidal to subprolate, with P/E between 1.08 and 1.21 (Fig. 1D) . Mean values for P and E are 34.55 and 31.77 μm, respectively. Our results differ from those of Valdés, Díez & Fernández (1987) and Tomtovic (1997) , who considered this pollen to be larger. This discrepancy could be because our samples contracted during acetolysis (Table 2 ). The tectum has three layers; it is continuous in the superior layer and columellate in the median layer. The inferior layer has shorter columellae and a granulate rather than reticulate appearance, although the inferior layer is also formed by modified columellae. The infratectum is equally columellate with columellae from 0.6 to 1.3 μm in thickness, separated by spaces (Fig. 2B) . Echinops nanus (Fig. 1C) has the same pollen type but grains are smaller (Table 2) . A P/E ratio of 1.13 implies that the pollen is prolate-spheroidal. This is the only pollen type described by Tormo & Ubera (1995) in Echinops.
In A. orientalis, the pollen is of a type like that of Echinops nanus (Fig. 1E) . The P/E ratio is 1.25, so it is a subprolate pollen. Tomtovic (1997) states that Acantholepis pollen is tricolporate, prolate, with a thin nexine and columellae-structured endosexine (infratectum) (2.5 μm thick; we found thicknesses of 2-2.5 μm) as is usual in the tribe Cardueae, and psilate; we agree with the general description, although we consider this pollen is microechinate rather than psilate.
Acantholepis also presents a three-layered tectum (Fig. 2C) , continuous in the superior layer, columellate in the median layer, with branched columellae, and with an inferior layer that is also columellate, here with very modified columellae that resemble a reticle. 
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The infratectum presents equally branched or ramified columellae from 0.5 to 0.6 μm thick, and separated by wide spaces.
The pollen of Acantholepis is similar to but larger than that of E. strigosus. Conversely, it is very different from that of E. nanus. The sizes of E. strigosus pollen are also consistent with those of the perennial species E. albicaulis. This observation supports its inclusion within section Ritrodes; however, morphology differs greatly between the two species. Our results show that the pollen grains of annual or biennial species of this genus are smaller.
AMPHORICARPOS/SIEBERA TYPE
Amphoricarpos autariatus presents a trizonocolporate isopolar pollen with radial symmetry, prolate-spheroidal (P/E = 1.10), spiny, with spines c. 3.5 μm and small perforations of 0.2 μm between them (Fig. 1F) . It belongs to the anthemoid type, as reported in this taxon by Siljak-Yakovlev (1986a, b) , who described large infratectal columellae and not a continuous endocolpus, and who stated that 'it exhibits an endexine with endosculpturing around and between the endoapertures (which contributes to harmomegathy)'. We found a three-layered tectum with two levels of columellae, the upper level being discontinuous (Fig. 2D) . The spiny structures on the surface belong to the tectum, and appear as structured elevations of the tectum. The infratectum is columellar, with ramified discontinuous columellae 0.6-1 μm thick, which are widely spaced. Amphoricarpos exsul has a pollen resembling that of A. autariatus with showing differences in size (Table 2) .
Siebera pungens shows a trizonocolporate isopolar pollen with radial symmetry, prolate-spheroidal (P/E = 1.08), spiny, with spines of c. 4 μm and small perforations of c. 0.2 μm between them (Fig. 1G) .
The structure of Siebera pollen is almost undistinguishable from that of Amphoricarpos: partial tectum of three layers, with columellae apparently less clearly formed than in the latter genus, although this may be an artefact. The columellae of the infratectum are equal, ramified, discontinuous and with spaces between them, and with thickness from 0.6 to 1 μm (Fig. 2E) . Pollen dimensions are also very similar; but slightly smaller in Siebera (annual).
XERANTHEMUM/CHARDINIA TYPE
Xeranthemum inapertum presents a trizonocolporate isopolar pollen with radial symmetry, prolate-spheroidal (P/E = 1.09), with verrucoid ornamentation (structural elements of c. 0.9 μm, with an orifice in the apex), which has few perforations (Fig. 1H) . Our measurements (25 × 23 μm, Table 2 ) differ from those reported by Valdés et al. (1987) (33 × 34 μm) . Xeranthemum annuum shows a structure similar to that of Amphoricarpos and Siebera: three-layered tectum, with a discontinuous first layer, the second columellar with irregular columellae and the third even more irregular, with fragmented or absent columellae; infratectal columellae from 0.6 to 1 μm thick, ramified and with spaces between them. As in the two other genera, the supraexinic elements (here verrucoid formations) have the same columellar ultrastructure (Fig. 2F) .
Chardinia orientalis has a pollen with the same ornamentation as that of Xeranthemum, but grains are more spheroidal (P/E = 1.03) in our samples (Fig. 1I) . Pollen dimensions are similar, but smaller in Xeranthemum.
On the basis of our observations, we conclude that the internal structure of our pollen samples coincides with that described as anthemoid by Bolick (1978) and that described by Nordenstam & El-Ghazaly (1978) in the genus Amberboa (Asteraceae, Centaureinae). However, their external appearance differs greatly.
We found the same structure in distinct genera, which contrasts with the findings of Pehlivan (1995) , who reported anthemoid and caveate structures within Centaurea.
The results of ANOVA show significant differences in pollen size between annual and perennial species for the polar axis length (P = 0.0023), the equatorial axis (P = 0.0022) and the P/E ratio (P = 0.0160). The average polar axis length is 30.59 μm for the annual species and 54.01 μm for the perennial species and the averages for the equatorial axis length are 27.10 and 42.29 μm for the annuals and perennials, repectively. The P/E ratio is 1.12 for the annual species and 1.25 for the perennials, i.e. indicating prolate pollen grains. Petit (1997) proposed that, on the basis of palynological data, the Echinops and Xeranthemum groups are related. He also concluded that this connection is not correlated with any phytomorphological character. Our results support a relationship between Echinops and Xeranthemum only regarding internal pollen structure, given that external morphology patterns were clearly differentiated in the two groups. Using palynological results, Petit (1997) considered that Amphoricarpos is not connected to Xeranthemum. Here we observed that the external appearance of Amphoricarpos pollen differs greatly from that of Xeranthemum and Chardinia. Although morphological and molecular data include Amphoricarpos within the Xeranthemum group, Amphoricarpos shares pollen characteristics with Siebera, this pattern belonging to a more primitive type than the others.
CONCLUDING REMARKS
The genus Echinops shows two pollen types, which correspond to annual and perennial species. The external morphology of annual Echinops pollen is not similar to that of genera considered to be relatives, such as Xeranthemum/Chardinia or Amphoricarpos/ Siebera. However, in our study Echinops pollen was always anthemoid. Perennial species of Echinops presented a subprolate microechinate/echinate verrucoid pollen, with very prominent intercolpia in the shape of a bridge.
Annual species of Echinops presented a subprolate microechinate pollen without a prominent intercolpia, a characteristic shared with Acantholepis orientalis. This observation supports the hypothesis that Acantholepis is an annual Echinops (Garnatje et al., 2005) . Perennial species of Echinops have significantly larger pollen grains than those of annual species. The internal structure differed with regard to the tectum, being discontinuous in perennials and continuous in annuals (i.e. the 'psilate' aspect -in fact, microechinatecited by Tomtovic, 1997) . This notwithstanding, the pollen of perennial species of Echinops is similar to that of annuals, i.e. it is not caveate and is of anthemoid type. The difference in structure between annual and perennial species lies in the number of layers in the tectum and the length of the infratectal columellae; although this is distinct, it is in itself only quantitative. All the annual and perennial species of the genus Echinops showed the same internal structure, except for the tectum.
Amphoricarpos and Siebera presented the same external type of pollen: echinate, prolate-spheroidal, and anthemoid according to internal structure.
Xeranthemum and Chardinia presented the same external appearance of pollen grains: verrucoid and prolate-spheroidal; Xeranthemum, which we were able to cut, has the same internal structure as that of the Amphoricarpos/Siebera complex, i.e. anthemoid as for the genus Echinops.
